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ABSTRACT 


The procedures for flame straightening of welded 
Meetoes and structures are Giscevssed and Selections 
meee ior study in-this thesis. swstenmiweols wedge 
constructed of 1/2 in. mild steel and HY-80 ste 
memaoproximate plate and stiffener construcuioa in 
fee fabrication, Plame heating temperauire and | 
Greeaop)ication were veried in the experimenten welding 
Meeeecurces, watcr quench rate and Lhlene neating precescec. 
were maintained constant. 


results are miven in the form of distortion 
D1eS and phnotosranns of post Beatin sj 7Cccamecner 
mec ois@etudy it was shown that flame stralmeaacning 

of HY-S0Q stecl structures ae plaves 35 1eesweiecetave 
meececoucimpercld distortion, wheress, for miitd steel 
Geemorocess is effective. Aiso, Varyings the poing 
Beemeecat acplication has varying effects on the 

amount of distortion removal. 


mals Study represenus 6 fins. soe ieee 
mvestuisation of flame straightening cechnniques on 
wetced structures. Recommendaviors for sdudit onal 
Meow and analysis are given with varticular 
Pmetesis in defining a corrifior of materials with 
yield strengths appropriate for flame straightening 
application, 


Thesis Supervisor: Prof. Koichi Masubuchti 
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L., INTRODUCTION 


ime backrround of Problem 

Control of distortion in large welded structures 
becomes a critical problem when the welded structure 
pevfrorms an amportant dunction. —Thvsets particulanis, 
true for shell plating in welded ships. Experiences 
eencerning corrugation failures of bottom shell 
plating on large cargo vessels are Known to exist. 
iaeciai corrugation of shell plate from fillet 
femiins between shell plate and floor plate can 
Semeribute to corrugation failures under proper 
loading conditions(1®) , wince Welding Ome ates 
has become the most used method of fabrication, 
much has been written on weld distortion in ship- 
building!556,7,13,15,16,17), some of these articles 
Mee isted in the Peference, 

The basic phenomena of weld distortion caused 
Peeeneldinz cycle stresses are: 

(1) strains and plastic upsetting in the 
weld and weld area during the heating cycle. 

(2) strains produced in tne weld and 
surrounding area (heat-affected zone) during the 
Geoarine cyci.e. 
miso, since it is improbable to neve absolutemmigidity 
im the surrounding plate near the veld, merormations 


are almost cereain te nee For the structure 
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of shell plate and floor plate configuration this 
deformation takes the shape of an "arc-form"(5) , 
Excessive initial deformation of this type reduces 
mee buckling strength of the bottom plating and 
Merce makes corrugation failurs more likely to occur, 
The recognized first step to reduce this arc-form 
deformation is to minimize the distortion effects 
@uring the actual welding process, “This zs accomplished 
Peeeproper sequence of welding, m@production planning, 
etc, (O10) Maas 2 Saas eee lists numerous 
meemnidques to control transverse shrinkage, 
Meaeitudinal shrinkage and angular distomiion 
qdurings weld processes. Aithough these fabrication 
oo ee mayemeduce, thesini tio lgenouniet dieG ome on 
Meevonay not reduce them @O acceptable tolerance 
memols, Once sections on the ship are on tnewiays 
Meormeer wWeiding sequence methods may mot he possipie, 
faeinis instance welding operations would produce 
beowoortlion which would remain in the sGrucvumemimaless 
another method of distortion removal were used. 
To remove distortion incurred in the latter operation, 
sep buiiders use flame straightenin= procedures 
eaeelow carbon steels. 
There are two major problems associated with 
miams straightening procedures, Theplirstmesnccra. 
mee change in mechanical propemsies in materials 


subjected to flame straightening techniques. The 
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Second problem concerns which materials can effectively 
be subjected to these techniques and what type 
Peseponse ido these matierWats extibigeas Qeresuingmo | 
mee process, The former preblem is presentlw being 
mavestigated at a commercial research center. 
Mite Latter problem is the subject of this thesis, 

Mine problem Go be Studied inthis. mivestigacion 
is GO compare flame Straightening procecures as 
used on system models made of mild steel. and HY-80 
peeel, and to observe distortion distributions 
of these systems in the as welded and post flame 
weealentencd cor@éttion, To prepare for this invest- 
PeeclLon a search of available literature was made 
memorcvyide a firm oackground. Also, visits to local 
eer ooulldwng yards were ma@de whereby the author could 
Gecerve the process as it was performed on vessels 
Gvurmens fabrication. 


ewer revyious Investigations 





Mm’ scarch of the literacure on flame sunsets eeenta 
theory and shrinkage distortion produced limited 
results concerning previous experimental investigations 
or analyses. This was particularly true with respect 
to welded plates and structures. The application of 
flame straightening procedures in shipyards is more 
oF an art perfermed by tne Worker tnan a preaduction 
meemrique performed stepeby step. 


Flame straigntening theory relies on tne sare 
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phenomena as welding, that is expansion and contraction 
of the material(1,2) . steel expands or contracts in 
dezinite ratio to each degree of temperature change. 
The application of heat to the material must force 
the material to expand into itself in lieu of normal 
Sxpending in length. This means that colder 
Surrounding material must produce the inward force on 
the heated zone(2) , Miers Ho1t(1) showed that three 
basic facts must be known concerning a material to 
Vemudame straightencd. These facts are: 

ne owaermal expansion Characves st lcemen 
mMaberial with a rise in temperature, 

e. Variation of yleld strength of nauemial 
with rise in vemperature. 

3: behavior of modulus of elasticity at 
Peeeouea temperatures. 
He further explains that when an area is neated 
egeevunen cooled, the material contracts im volume 
omemexerts a pull that is equal to the yield point 


(8,11) 


at the temverature of the cooled volume. Maeda and Yada 
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At 


Co 


Pemeeermed analytic studies of sin Spot and multiple spot 
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In simu 3b30on 
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heating on homogeneous rectangular plate 
Peerame Neatins procedures. Their solutions reyace 
Serankage in flame straightened plates as a function 
Meare cOnvractloy or “dilation force, Young ss 
modulus for the plate and the breadth of the plate. 


The dilation force is a function of the yield strength 
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of the material and the breadth squared, 

Previously, there Nas’ been no attempt torassecs 
Mieeciiects of flame stradgnvening techniques 
Ceeii2ncr @eield strength matervals. Since the fannie 
temperature during the process is about 1200-1400 F 
one is aware that the critical temperature for quenched 
and tempered steels becomes important. Care must be 
Mecem Not to exceed this temperature during heating 
and cooling cycles used in flame straightening. 
ifeebiae temperature is exceeded base properties of 
the materlal and the microconstituents wili change. 
Rapid cooling (quenching) processes increase the 
Meximim heating temperature for high strength, 
eeenen and tempered steels in flame straightening 
procedures without chanting the metallurgical 
matrix of the material. Reference to standard time- 
temperature-transformation curves for each material 


femeeeeive acceptable rates. 


Pee oclecticn of Parameters 

Mild steel and HY-80 steel were selected as the 
materials to be investigated. Mild steel is used 
exvensively in ship construction for conventicnal 
tankers, cargo carriers, etc. HY-80 steel is used 
iaecme construction of submarines and rescaren vescets 
men SUDSUriace Oceanographic explorations. “Pllave 


thickness of 1/2 in. was selected as standard for 
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eel oypes ‘es Specimens UsSede ine cnls investrecacwone 
Mrs thickness gives the @eeatvess distortion 
eeoervacecristics for the Sizewspecimens used and 
the fabrication techniques emcloyed in their 
fenscruction. 

Geometric configurations were selected based 
Sone actual system to be studied, tle) plate and 
meet tener joint construction as found om ship nulis,. 
The first specimens of perpendicular plates PP-MS, 80-1, 2 
mepresents the simplest model system for the fillet joing, 
The next series of perpendicular plates PP-MS, 80-3, 4 
represents tne Piliet joints with plate span between 
paewe Free-end and rigid-end structures were CHocen 
fomcom)lece the progression for the system mocel,. 

Mie season for choosing the four varieties was to 
study the smallest system model consistent with 
Beeoraccry facilities which would exhidlt response 
ermeracteristics of the actual system. The paysical 
Serena ion of the speciniens were dictated Dy Lanoravory 
facilities | 

Flame heating temperatures were selected as 
1200-1500 F for this investigation. This range 
meee ides with procedures being used for research 
Meeethe onip Structures Committce under exale ere’ 
oe-185. In studying material degradation care musy 


be used in selecting, heating temperatures for HY-80. 


1 





However, in this study deformations are beins examined 
Mey, Loiercfore, StUrmiucteconcrol Of tempcracumemuee 
considered of secondary importance. 

Oxyeen™- and acetyfene™ pressures GUringr tne Llane 
heating operations tere maintained constant at 
meescribed values for the cylinder, double resulator 
mae rig used. A single nozgzille number 30 tio oxy- 
acetylene terch was used for all flame straightening 
pmocedures, 
eee ruroose of Study 

oinee there are no previous experimental 
mnivestizgations into flame straightening effects on 
femaed Structures, this study represents tne firse 
meee in this area, The purpose of this study Sis: 

iL. to design and construct system models 
Representing plate and stiffener joints found in 
Pee CONStruction. 

e. te observe the response of these mild 
steel and HY-80 welded model systems to fiame 
Straightening procedures, and 

3. to attempt an analysis of the results for 


extrapolation to other materials and other procedures. 
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iui OCH DURES 


Peaeeocope Of the mesearem 


amseriessof investleatwensewere made og 
deformation changes resulting from flame straightening 
techniques on welded plates and structures made of 
mild steel and HY-80 steel. System models of 
Placing and stiffeners were constructed to represent 
ship plate and frame construction found in ship- 
building fabrication. By studying these models insight 
into flame straightening application in ship con- 
Seruction was achieved. The voint of heat application 
eeevasied for different specimens. ~Tfemperatura range 
of TG heating flame was varied between 1200-1500 
G@eerces farenheit. Welding procedures were dictated 
Pyeune eduipment available in thewM.1.T. Materials 
JOining Laboratory and the size and nature of the test 
weecwmens. These conditions necessitated using 


Meamuval, covered electrode weldime techniques. 
Emeeemescription of Specimens 


For this study 1/2" thick plates were used for 
all specimens, It was believed this thickness would 
wereld beuter distortion characteristics for the welding 
procedures used. By using thls dimension heat input to 
wae plates during the wel@ing process would Dewless 


rapidly conducted away from the weld and heat affected 


16 





zone than in a thinner plate and the temperature 
gradient through the plate thickness would be greater 
than in a thinner plate. 

Pree=end. and. pigid=enderetermsto. the bomadary 
€2emdition at the end of the vertical plates opposi¢ge 
the fillet weld. A standard H-beam 8"xB"x5! 

(35 1b./ft.) was used to establish the rigid-end 

boundary condition. The H-beam prevents the end 

Sop0site,the fillet welds from moving independently 

of one another and prevents any angular changes of the 

meetet iOilnts independentiy of one smother. A Single 

pass double fillet weld was considered adequate to 

Seeaolish the rigid boundary condition. Mita sseet 

and HY-80 specimen plates Were) furnished 1) Bo aen Navan 

onipyara,.Cutting and finishing plates to specimen 

Serensions were performed in the machine shop of 

M...T.Metallurgy Department. The standard H=beam 

Was procured locally through an ircen and steel company. 
i. Perpenditeuiar Eaves) 

Plates of this type are referred to as PP-MS 
or PP-80 depending on the type of material used. 

The first series had one vertical plate 8'"'x6" welded 
geome Norizontal plate 12"x6", The fillet joint was 
mage On the centerline of tne 12" side of the 
horizontal plates. Two specimens were made for each 
material, mild steel and HY-80 steel. The second 


series of this group had two vertical plates 8"x6" 


17 





welded to a horizontal plate 18"x6". Fillet welds 
were made at 3 inches from both ends of the long 
dimension of the horizontal plate. Figures 2-1 and 
2-2 illustrates the geometric configuration and 
Station designations for the four types of specimens 
used in this study. 
2. Free-end Structures 

specimens of this type are designated SF-M. 
This structure had five vertical plates 8"x6" 
fillet welded at equal distances to two horizontal 
emewes, The horizontal plates measured 3" and 2 
Boat oand wexe buct welded to give a total span oF 
5 feet. Two pass welds were made at the butt joint 
Siaecuwe upper portion of the joint only. Butt weide 
were v-pevelled with a root face of approximately one- 
Pourchn inch, reference figure 2-5. Butt welds on 
eeeesoccimens were not evenly spaced between vergical 
plates. Instead they are offset approximately 
Mmeouaard the span between the two vertical plaves. 
This procedure duplicates an actual method observed 
by the author at a local commercial shipbuilding yard. 
Meewshipbullder commented that this procedure in ship 
fabrication reduces problems in matcn-up ef prefab- 
ricated sections during final assembly operations. 

Se Rigid=end Strictiumes 
These specimens are designated SR-MS and SR-60O. 


They ere similar to the free-end specimens with the 
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PP-MiS-1,2 ; PP-80-1,2 


| —- 
| | 
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PP-MS~3,4 ; PP-80-3,4. 
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12.-5-~STATIONS 











exception the five vertical plates were welded to one 
flange face of the standard H-beam. First, these five 
plates were joined to the H-beam at eaual distances of 
12". Then the 2' and 3! horizontal plates were tacked 
welded into position for the final welding operation, 
Butt welds between the two long plates were two pass 
welds on both sides of the joint. The butt joint was 
double V-bevelled with a root face of approximately 
one-eighth inch. Fig. 2-3 is a photograph of this 


type specimen in the tack welded condition. 
Ce Welding Procedures 


mite welding with the exception (ei wens mp eendicular 

plate specimen was done by the author using a Westing- 
nouse DC Welder, Type RA with the following character- 
iee.cs: 

Primary voltage: 550-440-220 volts 

Primary current: 15-19-38 amp/ph at rated load 

Welding current rating: 220 ampheres 

Cycles: 60, three phase 

Voltage load: 0 volts 
Double fillet welds were used to join all perpendicular 
Gest sections. The number of weid passes was desired 
to be constant at two for all specimens, hoviever, to 
obtain adequate initial weld distortion for some test 
specimens additional passes were made. Table 2-1 


indicates the number of weld passes made on each specimen, 











TABLE 2-1 
WELDINGMCHARACTERISTICS 


FOR INVESTIGATIONS 


PP-MS SF-MS PP-80 
SR-MS SR-80 























Characteristic 































1. Electrode: EH 7er4 BeevOle 

a. diameter By ilew aly Ash 

b. tensile 72 ,000- 78,000 psi] 94,400 psi 
strength 82,000 psi 
yield point 62 ,000~ 69,000 psi! 84,600 psi 

(EROS osik 
d. elongation - 2" | 23-32% 32% 27% 
é. reduction of 33-55% 70% 69% 





area 




































specifications = MIL-E- MIL-E-= 
22200/1 22200/1 
MIL-9018 
&. current range 180-280amps | 90-150amps |] 90-150 amps 


(for designated 
diameter) 




























Pec Lacit y straight reverse reverse 
iL. type current Dae Dec DO 
L9O amos 150 amps 150 amps 
2O volts 20 volts 20 yous 





LO mae Zon wos Hori Zonge ds enor Zone 









PPSMS 21. 4  ocreineed 
oak. 2 


OR-MS-2 













PP-G0-15 2 5oee 
Sy OO-1 2 






PP-MS~3 





(weld casses) 





The sequence of welding has a considerable effect 
on the amount of distortion incurred by the material 
during the welding, process. Optimum welding sequences 
eee preferred, however, prefabricated gstructeres: tacenm 
assembled at another point than fabrication often preclude 
optimum welding sequences. The welding sequence used 
memecne preparation Of Structures for Gnis study are 
not standard or optimum, however, the sequence was 
Megmcained constant for each series of specimens. 
Figure 2-4 illustrates the welding sequence used in 
preparing the different specimens. 

Selection of covered electrodes used in welding 
free~-end and rigid-end structures was based on actual 
use in ship construction. Electrodes E7018 and 
E9018 meet certain specifications for application 
meme fabrication, and hence were considered 
appropriate for this study. Electrode E701! used for 
Meewiitid steel perpendicular plate specimens was 
pemeeved aS the initial choice for the prediminary 
Eeeecriment. Table 2-1 presents the welding 
Seeractcristics used’ in the preparation of each 
seecwmen. 

Actual vieldins, of the perpendicular plates was 
performed at a welding stand. This made it possible 
tO position the svecimens to have the filler metal 
of the electrode bisect the perpendicular angie of 


the joint as the rod travelled the length of the weld. 
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Free-end and rigid-end specimens were welded in 

mace. The size and weight of the structures made 

gees procedure necessary. “Henee, the electrode pasea-e 
memechnese specimens was made atean acute anglewie the 
fmereizontal, whereas, the electrode passage for the 
perpendicular plates was made at a right angle from 
Pmemaorizontal position, All plates and structures 
Vemen initially tack welded into positicn prior to 
commencing the welding operation. All welding was 

@eme in the horizontal position in lieu of vertical 


Gumovernead positions. 


Meee experiinental Procedures 

Purine welding, operations [iiderumetstedeme Ged 
memeech vield Was recorded. This was accomplished 
Meee cins an averase of ten unused covered elccetrodes 
@ieeach type to obtain an average weight of filler 
fomeed prior to consumption. After eacn weld vass, the 
remaining portion of the consumed electrode was weighed 
pee 4 tri-balance scale. | Percentage Gecucticpen ere 
meee i10r non-filler material itn the flux. From these 
figures the amount of consumed material was obtained. 
peem@ee GisStortion of fillet welded plates is a 
memeuicn Of the amount of filler metal deposited in 
the fillet weld, a comparative analysis of the weld 
m@rpscortion in the specimens prior to tlame meauineuand 


after flame heating Ane ee lonsisia tem Wer 
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Flame heating procedures were performed with an 
erey acetylene Pig “Using aynumber 30 size tipeeitonead= 
flame heating tests on perpendicular plate and structure 
specimens, oxymen pressure Was held constant at 2Omee1. 
and acetylene pressure was held constant at 4.5 psi. 
The flame heating torch tip was held at approximately 
1 inch from the area to be heated at an angle necessary 
to have the flame perpendicular to the heated surface, 
spot heating in lieu of line or panel heating techniques 
Weemusced for all test runs. Water quenchang sequence 
of the investigation was periormed using a specially 
weeooed hose and nozzle arrangements from 4a cold 
water faucet in the Materials Joining Laboratory, 
Water quench rate was neld constant for all test 
runs at 3.36 in 3/seC% Water temperature range was 
maintained constant at 70-75° F. 

haximum temocmapureeranzes Were snd ence 
VemeListik Crayon Indicators furnished by Boston 
Naval Shipyard. Although thermoccupies would have given 
a more accurate temperature indication, the indicator 
@eeyon was considered appropriate since it duplicates 
Mme actual procedure used in ship building. Also, since 
this investigation is concerned with distortion and its 
removal and not degradation in plate mechanical 
Droperties the crayon indicators sre suitable as a 
maximum temperature indicator. In each test run 


when the desired areca reached the appropriate temperature 
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it was’ immediately quenched using the water spray. 
The temperature reading was taken on the opposite side 
of the plate that was subjected to heating and quenching. 
Plate and structure deformation measurements were 
moren after welding procedures were completed. Upon 
completion of flame straightening procedures 
measurements of deformation were again recorded. 
Designated stations for distortion measurements were 
every inch spacing for perpendicular plates and 
every two inches spacing for free-end and rigid-end 
Peretures., A reference plane was established 
eiver welding was completed. This reference plane 
and the specimen were fixed for all flame heating 
operations. Ames dial indicators, model 262, were 
Hmoeca tO measure distortion changes for the entire 
test sequence for each specimen. Heating position, 
maximum heating temoerature, heating station and 
fillet weld station for each specimen is presented 
fomeanle 2-2. For neating position top refers co che 
Side of the horizontal plate with tne fillet joint, 
and bottom refers to tne side without the fillet joint. 


Tables of data are presented in Appendix A. 





TABLE 2-2 


FLAME STRAIGHTENING PROCEDURES 










Heating perc Osis NM Oseu ire 


soeocimen|] Fillet Weld 
S)) Seto POSi tion | Position ae 


StauLon 
ae 0 


PP-MS-1 








PP-MS-3 
PP~SO-/} 


PP-MS-2 
PP-GO-1 i, di bottom P2503 





ae ae 5 


leexrarieyin 1250 eae 










PP=MS-4 
PP-SO-3 


ee ee 


ton P20URk. 
pocvom TOO sae 
tog 1480 F. 
bottom Oi 










las. 2 OF noe SOE LO 2,54. 6 bosvonm 
18 bottom 
30 bottom 


1}? bottom 





8 ,20,32,44 , 56 14 Cop TOO 
26 bosctom 20S 3 
Bis) ton L480 
50 bottom L480 


8 bottom 
20 bottom 
Be bDoGcuer 
dey bottom 


SF-MS-2 | 8,20,32, 44,56 
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The results of experiments on test specimens 
are in the form of distortion plots, tables and 
photographs. Appendix A contains a Sample of the 
data. 
A. Presentation of Data 

The distortion plots show the amount of plate 
deformation along the chosen stations for the 
Geueererent test specimens. Figures 3-1 to 3-12 show 
graphical representations of post welding and post 
Meaiewsuraigntening deformation tor specimens 
PP-MS-1,2,3,4; PP-80-1,2,3,4; SF-MS-1,2 and SR-MS-1,2. 
tees 3-1 and 3-2 give the post welding and post 
flame straightening data for test specimens SR-80-1,2. 
Figures 3-13 and 3-14 give the post welded deformation 
for specimens SR-80-1 and SR-80-2, 

Photographs presented in Filgures 3-15 to 3-19 
show some of the test specimens at various stages 
of testing. Figures 3-15 and 3-16 show specimens 
PP-MS-1 and PP-MS-3 in the post flame straightening 
condition. Specimens PP-MS-1,2, PP-80-1,2 and 
PP-MS-3,4, PP-80-3,4, respectively were similar in 
construction. Figure 3-17 shows specimen SF-M5-1l 
meeone post flame straightened condition. Excessive 
deformation at either end of the structure is quite 
noticeable, Figure 2-3 shows specimen SR-MS-2 in 


the tack welded condition prior to welding and 
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flame straightening procedures, Figure 3-18 shows 
the same specimen in the post fiame straightened 
Penaition. Figure 3-19 Lliustrates the effect oF 
flame heating on the structure, Application of the 
flame was on the bottom of the structure at the center 
of the plate beneath the fillet weld. The scorched 
area around the weld is from the burning of the 
Zine chromate primer coat applied to reduce oxidation 
Sir sune plate. 
B, Other Observations 

Deformations measured and indicated in tars 
Bay are perpendicular to the olane of tae places, 
and are a measure of plate curvature between supports 
or meom One fixed support to ean umcontinedseqce, 
Maese results represent the deformation alone tne 
mid-span of the 6" side of all specimens. This was 
done to coincide with the flame heating application 
and quenching procedure at the center of the fillet 
weds or the center position of plates between 
Supports. Deformation measurements, were read 


eeaeculy using dial indicators. 
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Fig. 3-9 
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TABLE 3-1 
DEFORMATIONS FOR SR-80-1 


INCHES X 1072 


Ref, Heating Sequences (Stati 

Stations Post-weld 14 26 3 50 
@) e225 eek 226 226 Peo 
a 276 Ze 276 2) aD 
Hy 338 345 342 345 344 
6 349 349 346 342 345 
8 344 349 345 344 346 
10 348 35 Syd 347 347 
12 361 366 364 365 363 
14 3f2 380 374 Be B15 
16 388 389 388 388 388 
18 303 386 384 383 3e4 
20 307 SD 373 Be 371 
Ce 366 262 358 361 360 
23 346 348 345 246 345 
25 340 336 Brey 339 339 
26 341 342 © 339 340 339 
28 345 36 343 B45 Sa 
30 R314 BLS Silke Cees 314 
32 296 237 2ol1 295 292 
34 Als ee eS, ef eae 274 
36 269 cle 268 oO er 
38 Aas eT e74 276 274 
HO 294 292 2930 eght 293 
ho 291 Bes 288 285 287 
LJ PEt 282 280 OTD e719 
6 29 280 282 282 281 
48 289 289 295 293 292 
50 BS SL 3144 313 DLe 
De 3440 340 B59 338 S\sié 
54, 337 338 338 357 336 
56 322 325 326 327 325 
58 e352 | 336 B26 Bye)! 350 


NOTE: Decrease in reading from reference value 
indicates a reductio“w in ceicra lich. .c- 
decrease in radius of curvature. 
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TABLE 3-2 
DEFORMATIONS FOR SR-80-2 


INCHES X 1072 


Ref, Heating Sequences (Stott 

Seac1ons Post-weld 6 18 30 2 

O 202 207 210 200 208 
2 256 258 251 251 253 

yy 312 Bae 318 314 318 
6 est Bow Sy45 B50 329 
8 S50 Sou 330 326 330 
10 316 319 323 326 325 
12 30 338 345 B30 ahh 
ot 362 362 362 366 362 
16 Sie Ben SS Sifak Be 
18 362 359 363 362 365 
20 360 360 366 365 361 
22 3h0 340 352 351 347 
23 334 Ses 329 339 343 
29 347 347 349 362 347 
26 B52 349 354 354, 354 
23 350 347 349 BD): 349 
30 Bie Sale 319 325 319 
32 289 288 285 egl eon 
3} 270 268 270 275 275 
36 268 26) 263 270 270 
38 Ca ei (24S: 274 LS 
ho 3044 303 301 305 306 
Ne 289 287 286 289 293 
i 278 281 280 281 286 
6 275 285 285 285 288 
is} 293 295 e2oh eo 300 
50 aus LS 314 319 316 
Bye 340 334 336 ie 339 
54 345 346 346 3lhy 348 
56 340 340 338 338 339 
58 350 349 346 356 Bee 


Meme. Decrease in reading from reference value 
Endicates a recducttemein cetera teon eee 
decrease in radlusmewecurya Ure. 
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LV. DISCUSSZON OGaRE inane 


Pee Cr DetaL Cue Pp laaies 

The initial aistorvion YesagiGin® freneene 
@oupble fillet welded joint fom eaigons vee 
edges in these plate specimens is nearly a linear 
relationship; also the largest distortion resulgs 
from an increased amount of filler metal depogma« 
mie une jOint. All perpendicular specimencey au 
Mncenscrained edges exhibit this phenomenal”) , 
For plate spans between vertical members with equal 
deposits of filler metal in the welds, the deformation 
Mmemoracc cally syrimetric in Gie Tommie haan econ, 
order parabola, Specimens PP-MS-—4 and PP-GO-Us 
eiearliy show this result. Fer uneduaieaero sigs 
Se illler metal in the fillet weld the olave Joan 
mes a deformation which is asyvametric in the (oma 
Seo third order perabolal>), Specimen PP-MS-3 
mere nearly approxinaves tnisS COn@ivieds 

After flame straightening cperations, tne 
steel plates in the immediate vicinity of the 
flame heated and water quenched area exhibit 
@erormation changes which are not linea “Tae. 
memcaused by the metal being heated vosawaeiny 
where it enters a plastic region near the heated 


area while the cooler surrcunding metal remains in 


MRefer to figures 2-2, 2-3 and Table eee 
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an elastic region. Upon quenching from the plastic 
region the resulting change in deformati cme aaasours 
the non-linearity associated with plasticity 
whereas, the remaining deformation reducticomasamiamerc 
eeceimen arc néerly linear chanmacceristicuem 
elmaistie behavior, All themmild steel, plates tiie 
the lower yield strength show a greater and more 
uniform reduction in deformation from the as welded 
condition than the HY-80 specimens. For all the 
perpendicular plate type specimens, the miid steel 
plates averaged 2 1/2 times greater deformation 
reduction than the HY-80 stecl counter-parts for the 
Mmeame straightening techniques used, 

An analysis of tune effecthveness of tne 
eee Of heat and water quench application om 
Wiemamount of reduction in distortion yields no 
Peaecrds. Ye ©easults for theses type test samoieaer 
PP-MS-1 and 2 exhibit the same order of magnitude 
momeaerormasion reduction even thoush flanemeea eaveiiae 
procedures differed. For PP-MS-4 where the flame 
teemaoplied on the upper portion of the citzved 
rave in the as welded condition, the disgammicn 
reduction was best achieved. As fig. 3-4 shows, 
the plate span between the two fillet welds (stations 
Beard 15) is more uniformly straight ase¢@ pared 


with the as welded condition. However, the initial 


DS. 








weld distortion of PP-MS-3 was asymetric, whereas, 
PP-MS-4 was nearly symetric. Therefore, comparing 
the former where the heat was applied beneath the 
fillet weld and the latter, produces no concrete 
mesultis. “A welding engineer at a focal shipyard 
endorses the flame straightening procedures used 
on PP-MS-4 to produce less plate curvature between 
Berpendicular supports or stiffeners, ie just ipeca mee 
meame the upper portion of the curved plate is in 
tension and the bottom is in compression, When 
tne upper portion of the plate is heated and 
wemenea Une resultin@ contraction forcerou 


11) in the upper edge acts in conjmec.on 


wea cion' 
Diun compressive stress already existing inner elonc. 
Gegee to more effectively reduce the weld distorvion 
porouchout the whole plate Span. 

The irregular response of the HY-80 specimens 
Beeelvude any justified conclusions relating reduction 


in deformation to the point of heat and water quench 


apeercations. 


Peeeeeree-end Structures 

Mest specimens.of this Gype were resume. 
to mild steel material. Initial amount of HY-80 
meauves and problems in. preparing adequate Gese 
samples precluded preparation of HY-80 specimens of 
mos type. Mild steel soecimens exhaipic uniform 


and practically linear distortion in the as welded 
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eondition similar Go. the unconstrained perpendueular 
plate specimens... Non-linear charactcrissicseapeear 
ncams the sbuit weld joint at about stations amor 
since there is no restraint on the structure weld 
distortion is transmitted throughout the entire 
structure in a linear relationship for the homogeneous 
meave, Souceessive fillet welding of additional 
vertical plates merely increase the Overall distortion 
in the structure. Figures 3-9 and 3-10 show these 
Mesults. This means the proper systensmoedel co 
study arc-form deformations must include a means 
Heme estabiishing a rigid boundary @endi gon sie 
wemec.cal plates, 

Flame heating techniques as outlined in Table 
meee oroduced a similar response in these structure 
as in PP-MS-1 and PP-MS-2. Decrease in distortion 
were of the same magnitude for SF-MS~1 and SF-MS-c, 
although, flame straightening procedures varied. 
The important observation is the structure at the 
heated area reduced in deformation with progressively 
fess reduction at distances remote from the heated 
area. Initially there was no "arc-form de formation" (5) 
peameccn the vertical plates andumer straigagcning 
between the vertical plates after flame straightening 


peaoeeadures were completed, 


Dif 





©. Riegid-end Structures 

All test Samples exhibit the arc= forme ormacion 
associated with this type structure (>) , inoguiciiieaeaos it 
Of filler metal in the fillet wields accour@geyemeaae 
irregular pattern in the post welded and post flame 
straightening condition. Automatic welding processes 
milieu of manual, covered electrode welding precedumas 
meald produce more uniform tiller wmetal deposit 
imeerefore, more uniform deformation plots would 
be obtained, However, asymmetric and symmetric 
curvatures are represented in this type structure 
Mr Fim@ures 3-10, 3-11; 3-13 and 3-1) Gree scan 
Seeniticant reductions in weld derormation aiter 
Plane straightening procedures is noticeable for 
foe, SGcecl, vihnie practically no change is 
discernible for the HY-30 test specimens as 
indicated by Tables 3-1 and 3-e. Varying the 
Perc OF heat application does not produce “any 


Seemificant chan@es in the overallwemoums of 


2 


deformation reduction for each method used, Flame 
Seraigntening techniques using the higner temperatures, 
Meweycr, vroduce the greatest changes in deformation 
from bhe as weided condition. This means tte hnignest 
temperature should be used consistent with the 
necessity of not changime the microconsti tuents 


cf the material by heating to a high temperature 


end then quenchime to room temperature, 
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D. Angular Distortion 

Angular distortion varies for fillet welds 
in each type Specimen. For PP-MS-1, 2 and PP-80-1,2 
flame heating under the weld produces a decrease in 
fillet weld angular distortion. This results from 
mlasuLcity effects In the immediate wares Offence 
flame. For plates that were flame straightened 
aG the edges, the angular distortion is less reduced, 
im one instance, it slightly increased in PP-MS-c, 
Deformations were abrupt changes originating at 
the fillet welds for the above specimens, 

For PP-MS-3, /+ and PP-80-3, /+ the angular 
Change irom one side of the fillet weld to the 
other has a continuous curve form associated wlth 
aporotuberance below the plate axis for some vest 
Miwo., Or mild steel plates flame Straigatencad 
at the mid-span considerable reduction in angular 
deformations were noted, For HY¥-SO material a 
very small change if any can be seen from Fig. 3-7 
and 3-8. Flame straightening under the fillet 
welds for mild steel reduce angular deformations 
also. The change for PP-MS-3 was less tnan for 
PP-MS-4, however, in the former the initial weld 
asvortion was less at the fillet joint also. 

The free-end structure exhibited small 
changes in angular distortion for the structure 


as a whole. Changes resulted in the immediate 
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vicinity of the flame straightened area. The overall 
anpular shape of the structure changed little from the 
as welded condition. Fig. 3-9 and 3-10 shows the area 
i the center of the Structure. At each end Gio 
tortion is large (Ref. to fig. 3-17). There is ™oticeaole 
dzirerence in ansular distortion characteristics tema 
imeee-Cna and rigsd-end Struccuunme., —Pacmrnce cid specimens 
qo not approximate shell plate and floor plate coniis@uragvenee 
Rigid-end structures exhibit the destrcdiarc—icun 
deformation found in ship fabrication. Angular changes 
resulting from flame straightening procedures in general 
GO not significantiyvy change near the fillet welds. This 
Mmorces the changes in plate curvature are Touran eee eae 
medepan of the plete sections, lites 15 true ene aan 
there was lateral movement of the fillet weld being 
heated. On these structures the fillet welds at each 
emerexnibit the Same characteristics as the Wweldsum 
PP-MS-3, 4 etc. This is to be expected since the boundary 
@emditions are almost identical. B@tt weld joints 
meaeauce the greatest amount Of distorticomefor thes 
structure. Therefore, considerable attention must be 
even to reducing this distortion to acesovabie Jimius. 
it is unlikely successive flame straightening would 
meove effective in eccomplishing this reduegion. inc 
Seerterence in the fomwpmsof sche butt Weld eaeerort ren 


for SR-MS-1. and SR-MS-2 (figs. 3-11, 3-12) results 


GO 





from the clearance between the two plawgeamaiuetune joint, 
Specimen SR-MS=1 had a nayvrower gap, Nencemegestervte 
was hindered by the reaction of both plates with one 
another during welding. This accounts for @ineweaiar, 
peak in fig. 3-11. For SR-MS-2 a larger gap was 
provided, vuhereby, producing a more uniform Giguere 
meansition frem one plate to the ouner, 
E. Mild Steel versus HY-80 Steel 

In an attempt to exynlain the flame heating effect 
of mild steel and HY-80 a simplified system model was 
eereccted. This model consists of shree bars. The ieee 
Dae rceoresents the weld and heat-artected Zone and the 
menouvccide bars represent the ecoler bocce 2rccuo7 
che welded structuyve, This system model has proved 
useful for butt weld analysis and, it is assumed valid 


meee a filict weld condition. 


Pillet Wela Syevuchmogem 


A, A, a 
Za 


heat-affected zone area 


= 
ree 
iN 


Ao = SUrrolunding metal area 





In addition Ay is assumed to be equal to twice Ay: 
With heat applied to the middle bar the stress in this 


bar as derived in Appendix B is: 


KE,4T 


Can (Beg) Ce aL 


This stress Pepresents the wRerma ete om nUce™s 
into the metal during flame heating. Young's modulus 
for the heated area changes with temperature, whereas, 
the modulus for the surrounding plate area is assumed 
mosoe constant. Also, the linear coeciiiclentyore ean ae 
moecaosumed constant for the temperature range Useqnin 
flame heating. Figure 4-1 graphically shows this stress 
for mild steel (line OM) and HY-80 steel (line OH) 
@reuucd On a yicld stress versus tempoerature curve 
for the two materials. This figure shows that HY-80 
mao 2 larger upsetting stress, Gi, Chan Weta Ssceere Ty 
Beem cqucncning from an elevated temperature. ji: 
implies that greater deformation reduction vould be 
obtained from flame straishtening HY-80 steels than 
meld steel. However, experimental results show whe 
mepeolte case exists. Therefore, the simpli tied svocen 
meaen assumed for the analysis is insufliileieno to, 
fetiet weld conditions. Computer programs for calculaurm. 
eseress in butt welds have been develcped. However, tae 
study of stress induced from welding along an edge of a 


plate characteristic of a fillet weld is just commencing: 
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the result of this study wid probably reverieonaemtae 
thermal induced stress docs not follow the relationships 
as shown by lines OM and OH in figure 4-1. Indeed, 

One would expect a more compliexemesponse of a fmile: 
welded joint to thermal cycles associated with flame 
sucaishtening teehniques. This estudy may supplyeuae 
explanation for the results found in this thesis in= 
pestigation,. 

In extending Mr. Holt's() tnree basic facts 
concerning flame straightening from a homogeneous 
Mecerial to welded structusves, a fourtin Miemeaay be 
aq@ea.to the List. Tnis additicn ey these trces relzuicn— 
Porp as a function of temperature change Bereede ws rue cue 
Or particular sections of a strucuure. Boundary comeitions 
oe 11 nae a considerable influence on thistetrese 
relationship. 
feeerienses in Test Apparatus 

Larger test specimens would allow greater accuraey 
iememeasuring angular changes resulting from wedding 
flame heating procedures. They would also make possible 
momesS measurements associlaved with the Se yemeeeecemrcs 
eecsiblic. r this were done thermocowpeles Shoulmepe 
meccmoasebne temperature indicator for greater accuracy. 
Measurement of the stress conditions weuld provide 
eeeocrimental data to plot the relatiemships fom lines 


OM and OH in figure !t-1. 
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Vrece (ChLUSTONS 
The conclusions Of Ghis investircation Bbasedwmon 
mice ormececds ne (lS Cus 51 Oreos 
A. Experimental observatiows 

1. Plame stratehtening procedures are 2=3 
times more effective on mild steel than HY-80O steel. 

2. Varying the position of flame straightening 
mechniques from plate mid-span te fillecewcitc erca 
meojuces no significant differences ingeedicina di store lou 

3. There ts no significant change in angular 
distortion at the fillet welds in rigid-end structure as 
Peeccsult of flame straightbenins procedurgesn 

B. OvpServations from analysis Of ese ee 

1. The simplest experimental medolesuces men 
Seeoncil plate and stiffeneY construction musgenave 
meevyi sions for ripetd boundary conditions form Verges 
POoOOrGS. 

e. For flame straightening srocedures craven ce, 
m~aoa.coures reduction in distortion results feomeon vost 
stress and net yield stress alone. This upsetting stress 
[/eer, vo fig, 4-1) is influenced by the type material, flame 
heating temperature and stress condition in the welded 
SELUCcUre . 

3. A simple three ber mathematical model is 
iaadequate to explain upsetting stresses In gitiet wedds 


sabjected to flame straightening procedures. 





VI. RECOMMENDATIONS 


It is recommended that Studies in’ Gaemeued 
be continued for different tyoe materlalsmimmem ylleta 
strength below that of HY-80. Results from these 
studies would provide a listing of materials within 
a corridor of yield strengths between mild steel and 
HY-80 where flame straightening would be effective. 
Expenditures for further studies of flame straightening 
procedures in HY-80 or higher yield strength materials 
seems unjustified because of the ineffectiveness 
of the procedure on these type materials. Aluminum 
and HTS steel are two sugesested materials for 
future investigations. System models will devend 
@m@elavoratory facilities, however, larger test 
sections are recommended to more closely approximate 
actual conditions encountered in ship fabrication. 
Future research on flame straightening for appropriate 
materials should be directed toward the ultimate 
Objective of investigating panel sections Which are 
encountered between longitudinal and transverse 
meemes or stiffeners on ships. In addition, fine 
heating and panel heating in lieu of spot heating 
peomld be explored. A concerted €fTortesneulayse 
made to investigate new methods of reducing, weld 
deformation. One possibility might be explosive 
Shape charges. This latter approach may offer a 


better solution than refinements on present flame 
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straightening cechniques. 

Finally, it is recommended that analytical 
solutions be developed for response of welded 
joints to flame straigntening procedures, These 
expressions would involve establishing a simplified 
system model of the joint to incorporate temperature 
distribution effects during rapid or slow cooling 
procedures. Analytic solutions for different materials 
mould serve as a foundation to deterisame i) there 
aces exist a corrider of difverent 7 tema erccis 
where flame straightening would be effective. 
Mgese SOlutions using plasticity theory would 
provide knowledze about experimental results 
already observed, and would provide a basis for 
Mmeeeictuing future results under difterenv esudar, 


©erai tions. 
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DEFORMATION - INCHES X 1072 


Ref,Post- Heating Point (Stations) 
Station Welding 12 ol 36 48 
O 189 178 192 187 192 
Z Oot ose 240 OU5 2u3 
4 315 Sc 302 306 305 
6 32 Sie 3G 380 Bic 
8 4O3 394, 4O6 4O6 4O6 
ANG HO6 508 Hod Oe LO? 
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Force balance 
meokain balance: 


Where: 


From (1): 


From (2), (3) 
and (4): 
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